A conventional Bonner Sphere (BS) set consisting of six polyethylene spheres was modi®ed to enhance its response to a highenergy neutron by putting a lead shell inside a polyethylene moderator. The response matrix of an extended BS was calculated using the MCNPX code and calibrated using a 252 Cf neutron source. In order to survey the unknown photon and neutron mixed ®eld, a spherical tissue equivalent proportional counter (TEPC) was constructed and assembled as a portable measurement system. The extended BS and the self-constructed TEPC were employed to determine the dosimetric quantities of the neutron ®eld produced from the thick lead target bombarded by the 2.5 GeV electron beam of Pohang Accelerator Laboratory (PAL) and the neutron calibration ®eld of Korea Atomic Energy Research Institute (KAERI).
INTRODUCTION
In spite of the poor resolution of the Bonner Sphere spectrometer (BS) (1) it has played a very important role in the ®eld of neutron spectrometry, especially in radiation protection monitoring for neutrons due to its relatively high sensitivity and wide range of the energy responses from thermal to a few hundred mega-electron-volts neutron, isotropic response and easy operation. But the low response for a highenergy neutron above several tens of mega-electron volts makes the measurements of a high-energy neutron dif®cult even though the largest 12 inch sphere is used to slow down the neutron. It comes from the small neutron interaction cross sections in a PE sphere, and therefore, the use of BS for neutron spectra measurements b20 MeV has been limited.
From the 1990s, the need for neutron spectrometry around high-energy particle accelerators and in an atmospheric environment at high altitudes has increased and created enhanced BS with high Z materials (2±5) , such as Pb, Fe or Cu, which have large (n, xn) cross sections for a high-energy neutron. (6) The neutron multiplication process which occurs within the metal shell increases the response for a high-energy neutron.
A tissue-equivalent proportional counter (TEPC) is a well-known instrument used in quantifying the radiation quality and has had a great role in the ®eld of radiation protection as a dose spectrometer in parallel with a¯uence spectrometer like BS. In addition to the BS measurement the self-constructed TEPC was implemented to measure the dose spectra of the neutron±gamma mixed ®eld at the neutron calibration ®eld at Korea Atomic Energy Institute (KAERI) and the photo-neutron ®eld at Pohang Accelerator Laboratory (PAL).
This paper describes the work on the manufacture of the two kinds of spectrometers and the measurement results using these instruments.
MATERIALS AND METHODS

Extended bonner sphere and TEPC
KAERI's BS spectrometer consists of six polyethylene (PE) spheres with diameters ranging from 2 to 12 inch and a 4 mm (diameter) Â 4 mm (length) 6 LiI(Eu) scintillator is located in the centre of the sphere. The BS was modi®ed inserting a lead inlet inside a PE sphere to make neutron multiplication possible in each sphere. Four kinds of new BS were designed and manufactured after considering the high sensitivity and the limitation of a weight below 18 kg, as a portable instrument, which are the major requirements for the new BS sets of KAERI. They are BS358, BS458, BS468 and BS568. The number after BS means outer diameter on an inch scale for the PE, lead shell and PE in order.
A spherical TEPC was manufactured for the measurement of the neutron dose in the mixed ®elds. It was ®lled with propane-based TE gas (C 3 H 8 : 55.9%, CO 2 : 38.2%, N 2 : 5.8% by vol. %) and was prepared to be able to simulate the tissue-equivalent diameter of 2 mm for a unit density tissue. An internal calibration source, a 244 Cm alpha source, was installed outside the chamber wall of the TE plastic, A150, which is inside the sealing aluminium container. The SPAR program (7) was used for calculating the stopping power of the alpha particle from the 244 Cm sources. The calculated stopping-power, which was 81.7 keV mm À1 for the 244 Cm source was used for channel calibration of the multichannel analyser employed. When using the two-gain mode operation this TEPC can measure the lineal energy up to 2413 keV mm
À1
.
Calculation of the response of BS and default spectra
The responses of active and passive BS sets with the 6 LiI(Eu) scintillator and with an Au foil, respectively, including the present BS (with diameters of 2, 3, 5, 8, 10 and 12 inch) and two detectors, which were the bare and Cd-covered detectors, were calculated using the Monte Carlo code, MCNPX (8) (Ver. 2.4.0) in the range of energy from 1 meV to 10 GeV.
When modelling the neutron detector, the lithium in the scintillator was assumed to be 96.1% 6 Li and the gold was assumed to be 100%
197 Au and the real geometry of a 14.5 mm (diameter) Â 16 mm (length) cylindrical aluminium housing was considered. The scintillator crystal was located in the centre of an aluminium housing and the space between the two objects was a vacuum. The density of the PE was 0.95 g cm À3 and the neutron source was simulated to be a broad parallel beam perpendicular to the detector axis. The space between the neutron source and the BS was assumed to be a vacuum. The response was de®ned as the number of 6 Li(n,a) or 197 Au(n,g) reactions per incident neutron¯uence based on the track length estimate of a detector¯ux normalised to one starting particle. The energy points for calculating the response of each con®guration was 260 in log-equidistant intervals, 20 points per decade.
The calculated responses of KAERI's BS are shown in Figures 1 and 2 . The response of BS458 was very similar to that of BS568, therefore it is not presented here. The statistically relative uncertainty of most of the values is`2% even though some go up to 5% in the energy`1 eV for the large BS such as the diameter of 12 inch or in the energy range b10 MeV for the 2 and 3 inch BS. It was determined by calculating only the number of 6 Li(n,a) or 197 Au(n,g) reactions. There are many other sources of uncertainty not reasonably estimated such as cross section data, density and composition of materials, geometry of dimensions, physics description in the MCNPX code and so on.
The response of the new BS has a similar shape to those of the intermediate-sized PE sphere for an energy`1 MeV. They are between the responses of a 5 inch and that of a 8 inch PE sphere. But for a high-energy b20 MeV, their response sharply increases due to the neutron multiplication reaction in a lead inlet. Especially, at 3 GeV, they are about 20±40 times higher than the response of a 10 inch PE sphere.
In order to get the default spectrum for the spectrum unfolding the neutron source produced from the thick lead target bombarded by the electron beam of 2.5 GeV was simulated using the MCNPX code. The energy cut-off for the transport of electron and photon was 6.73 MeV corresponding to the threshold energy of the photonuclear reaction of the natural lead. The F2 tally was used to obtain the spectral distribution of the neutron on the surface of a lead target equivalent to the 10 radiation lengths, a dimension of 5.5 Â 5.5 Â 5.5 cm 
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electron was considered to be a pencil beam and the photo-neutron source was sampled at an angle of 90 off-axis to the incident electron beam.
Spectrum unfolding and calibration of an extended BS
To ®nd a real neutron spectrum, the net event due to the reaction of (n,a) or (n,g) for the case of an active or a passive BS respectively was input into the unfolding program, MXD_FC31 (9) , which adopted the maximum entropy method for the deconvolution of the multisphere neutron spectrometer data and was originally from the unfolding code MAXED developed by the Environmental Measurements Laboratory (EML), USA. The response matrix of the original BS was replaced with that of the KAERI BS calculated in this study. The calibration of the BS was performed in the neutron irradiation room at KAERI using the 252 Cf source, which had been calibrated by a traceable source at the National Institute of Standards and Technology, USA. This calibration technique for an active BS was the same as that done by Liu et al. (10) Calibration results were consistent with the reference, the dosimetric quantities of a 252 Cf source recommended by ISO (11) , as shown in Table 1 . In case of a passive BS only one distance of 40 cm from the 252 Cf source was used to get the possible irradiation time for an Au foil due to the relatively low neutron emission rate, which is $1.06 Â 10 8 n s À1 at the time of calibration.
Measurement of neutron¯uence and dose spectra
At the PAL, the photo-neutron¯uence spectrum was measured in the experimental room with the beam (12) for mono-energetic neutrons. 
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collimator using a BS with a gold foil and the measurement position was located 3.6 m from the lead target as shown in Figure 3 . The 2.5 GeV electron was guided on a 10 beam line of the electron linac of PAL and focused into the centre of the lead target. The beam size was $2 cm wide and 1 cm high on the target. The beam frequency was 10 Hz and the pulse width was 1 ns. Due to the high intense gamma radiation, a LiI(Eu) scintillator mounted BS could not give a good result and therefore a passive BS was implemented. The Induced radioactivity of a gold foil of a passive BS were adjusted and corrected according to both the electron beam intensity and irradiation time for each passive BS. A portable multichannel analyser, INSPECTOR (Canberra, USA) and a gamma spectrometry system based on the HPGe detector were used to count the net peak area of the (n,a) reaction in a LiI(Eu) scintillator and to determine the induced radioactivity of the Au foil in each measurement. Neutron¯uence spectra of the 252 Cf neutron source in the calibration room of KAERI were measured at three positions using two types of BS, an active and a passive BS.
In the case of TEPC, measurement data were processed to determine the absorbed dose or dose equivalent after the contribution of gamma radiation was subtracted. The gamma response of the TEPC was obtained using a 137 Cs source according to the gamma dose rate at the time of the measurement. Microdosimetric parameters such as the event size distribution with the lineal energy, f( y), the probability density of dose, D( y), the frequency-mean lineal energy, y F , and the dose-mean lineal energy, y D were calculated using the equations described in the ICRU 36 (13) . The relationships between radiation quality factor and y D or data as a function of y were also adopted from the ICRU 36 and ICRP 26 (14) , respectively. Using these quality factors, the dose equivalents were calculated.
RESULTS AND DISCUSSIONS
The neutron¯uence spectrum of direct neutron at the distance of 100 cm from the source was same with the reference spectrum of 252 Cf. No differences Figure 3 . The schematic drawing of the measurement position for the photo-neutron ®eld at PAL.
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in the spectral shape and the integral quantities between the reference and unfolded spectra means that the neutron spectrometry using the extended KAERI BS was carried out successfully.
The neutron¯uence spectra and some dosimetric quantities were presented in Figures 4 and 5 . The statistical uncertainties in the measurement werè 3.0 % for an active BS and 7.5% for a passive BS 
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with the uncertainty of one standard deviation of the net count. The maximum ratio of the measured to the calculated response for each BS was`19 % for a passive BS according to the result of unfolding for the neutron spectrum measured at PAL using a passive BS. The default spectrum for unfolding the measured data at PAL had a shape of the summation of the ®ssion spectra and the tail of ®ssion peak energy, scattered to the lower energy as shown in Figure 4 . Because it was the photo-neutron spectra on the surface of the target, the default spectra used in this study needs to be veri®ed or reviewed with another calculation or measurement results. But it is a wellknown feature that the photo-neutron spectra from the thick target material with the high atomic number, such as a lead, when bombarded by a medium or a high-energy electron, has the general shape of a ®ssion spectrum above a few mega-electron-volts. (15) Neutron¯ux density and dose equivalent rate were estimated at 903 n cm À2 s À1 per 1 Â 10 10 electron s À1 and 1.32 mSv per hour respectively at the measurement position of PAL and the spectral shape presented in lethargy format was similar to the sum of a ®ssion spectrum and the broad low-energy as shown in Figure 5 . The average production rate of electron at the time of measurement was 4.32 Â 10 10 electron s À1 . The results of BS measurement for the neutron calibration room of KAERI was consistent with the value recommended by the ISO8529-3 (16) in the case of considering the direct neutron only and the contribution of scattered neutron to the direct neutron was estimated 43% in the neutron¯uence and 17% in the dose equivalent at the distance of 100 cm from the 252 Cf source. The measurement using a TEPC was not successful because so many photons mainly resulted from the low-energy bremsstrahlung radiation produced in the lead target hindered the TEPC system counting a pulse and made a pile-up effect during the measurement. Even though an additional lead shield for a TEPC was done to get the microdosimetric data the effect was not clear and it made the photoneutron ®eld changed. The dose equivalent rate was 7.54 mSv h À1 approximated to the value of 1.32 times higher than estimated by the BS measurement. Further analysis to relate the neutron¯uence and the dose spectra measured at PAL is in progress and the results will be presented in the future.
The spectral shape and¯uence rate determined by using a passive BS needs to be investigated more after the default spectra was sampled at the measurement position more reasonably and the response function of the extended KAERI's BS needs to be checked using the high-energy sources available.
